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SCATTERING OF 42-MeV ALPHA PARTICLES FROM COPPER-65 


by William M. Stewart and Kamal K. Seth* 

Lewis Research Center 

SUMMARY 
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42-MeV alpha particles have been elastically and inelastically scattered from Cu 
in an attempt to excite states which may be described in terms of an excited core model. 
Angular distributions (10° < 0 cm < 50°) were measured for 17 excited states. Seven 
of the excited states had angular distributions similar to a core quadrupole excitation 
and eight of the excited states had angular distributions similar to a core octupole ex- 
citation. The excited state at 2. 858 MeV had an angular distribution which suggests that 
it may have resulted from the particle coupling to a two-phonon core state. An extended 
particle-core coupling calculation was performed and the predicted energy levels and 
reduced transition probabilities compared to the experimental data. The low-lying 

levels are described quite well and the wavefunctions of these states explain the large 
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spectroscopic factors measured in stripping reactions. For Cu the coupling of the 
particle to the core is no longer weak as in the simpler model, and configuration mixing 
results. 


INTRODUCTION 

The description of odd A nucleus in terms of the weak-coupling model in the limit 
of zero coupling strength has had limited success (ref. 1). The DJ Cu and Cu nuclei 
have been studied by inelastic scattering (refs. 2 to 5), and the experimental results do 
not agree with the zero-strength model. Also the collective property of the low-lying 
states has been questioned because of the large spectroscopic factors measured in strip- 
ping (ref. 6) and pickup (ref. 7) reactions for D0 Cu and D0 Cu. An extension of the zero- 

CO 

strength model by Thankappan and True (ref. 8) described the low-lying levels of Cu 
quite well and explained the large spectroscopic factors by including more than one 
single particle orbit and allowing configuration mixing, by means of a finite coupling 

CO cc 

strength. Recent shell model calculations (ref. 9) for OJ Cu and D0 Cu have shown that 
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such an extended particle-core coupling scheme with configuration-mixing is a good ap- 
proximation to the more exact shell model calculations. 

Scattering of 42-MeV alpha particles is known to excite collective states. This ex- 
periment was done with better energy resolution (ref. 5) and a higher bombarding energy 
(ref. 4) than previous alpha particle scattering experiments on *^Cu. The extended 
particle-core model was used to calculate the energy levels and reduced transition prob- 
abilities for Cu and the results are compared to the experimental values. 

EXPERIMENTAL ARRANGEMENT 

The experiment was done using the 42-MeV alpha particle beam of the NASA Lewis 
160 -centimeter cyclotron. A schematic drawing of the scattering system is shown in 
figure 1. The scattering system included magnetic analysis of the incident beam and 
particle detection by lithium -drifted silicon detectors (ref. 10). Complete details of the 
scattering system are given elsewhere (ref. 11). A four detector mount allowed simul- 
taneous measurements of cross sections at four different angles. Data taken forward of 
20° had a detector separation of 2° and an angular resolution of 0. 06°. Beyond 20° the 
angular separation was increased to 4° and a resulting angular resolution of 0. 12°. The 
accuracy of the angle setting was 0. 05° and the zero direction was determined by right- 
left scattering. A block diagram of the electronics is shown in figure 2. The overall 
energy resolution of the experiment was 80 to 100 keV and angular distributions were 
measured from 10° to 50° in the center of mass system. This angular range was suffi- 
cient to establish the angular momentum involved in the transition. 


Absolute Cross Sections 
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The target was an isotopically enriched foil (99. 64 percent Cu). The areal den- 
sity of the target was determined by measuring the energy loss of an 8. 78-MeV alpha 
particle in passing through the foil. The areal density of the foil was measured to be 
0.694 milligram per square centimeter. The total error in the absolute cross section 
is estimated to be 10 percent, and the error in the relative cross sections is 3 percent. 
The cross sections are listed in table I, and the errors quoted in the table are the statis- 
tical uncertainties. 


Energy Spectra -Reduction and Excitation Energies 

A typical energy spectrum is shown in figure 3. The number of counts in the elastic 
and inelastic peaks was found by fitting the energy spectra with a skewed Gaussian func- 
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tion using a least-squares computer program (ref. 12) with a linear background search. 
The peak shape was determined by fitting the elastic peak and held fixed for fitting all 
the other peaks in the spectrum. The energy calibration for each of the four detectors 
was based on the known energies of the ground and first six excited states. The excita- 
tion energies measured in this experiment are accurate to ±25 keV. The angular mo- 
mentum transfer of the reaction l was determined by comparing the shapes of the an- 
gular distributions to the calculated angular distribution. The partial deformation 
parameter (J^) was obtained for each inelastic angular distribution by normalizing the 
calculated cross sections to the experimental data. All the inelastic states that were 
excited strongly enough in the experiment to obtain angular distributions are listed in 
table in, along with the corresponding partial deformation parameter. 

The partial deformation parameter is defined by 


er-KBtf© 


DWBA 


(1) 


(Symbols are defined in the appendix. ) 

In the limit of weak particle-core coupling, the partial deformation parameter 
(J f ) for the odd A nucleus is related to the deformation parameter (core) of its 
neighboring even A core nucleus by 


w = 


2J f + 1 


1 1/2 


(2 J t + 1)(2 1 + 1 )J 


(core) 


( 2 ) 


where 

Jj excited state spin of odd A nucleus 
ground state spin of odd A nucleus 
l angular momentum transfer 

If equation (2) is summed over all the allowed excited states, it follows that 

[^(core)] 2 = £[^(J f )] 2 (3) 

J f 

The collective nuclear model relates the nuclear deformation parameter to the reduced 
transition probability B(Ei)t for electromagnetic excitation of a one-phonon state 
(ref. 14) 
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(4) 


B(E l)i = 



core) 


EXPERIMENTAL RESULTS AND ANALYSIS 


The differential cross sections were measured for the elastic state and seventeen 
inelastic states. The experimentally measured distributions are shown in figures 4, 

5, and 6. The elastic scattering data were fit by using the optical model with a six pa- 
rameter Woods-Saxon potential given by 


r 


U(r) = V c - V«(l + exp 


r - r A 
o 


1/3 


-1 


iW < 1 + exp 


r - r^A 


1/3 


-1 


a i 


where 


(5) 


U(r) scattering potential 
V c Coulomb potential 

V strength of real term of nuclear optical potential 
r Q radius of real term of nuclear optical potential 
a Q diffuseness of real term of nuclear optical potential 
W strength of imaginary term of nuclear optical potential 
r j radius of imaginary term of nuclear optical potential 

a^ diffuseness of imaginary term of nuclear optical potential 

The computer program SCATLE (ref. 13) was used to do the calculation. The best fit 
calculation is shown in figure 4, and the resulting parameters are listed in table II. 

The inelastic scattering angular distributions were compared with the predictions of 
a distorted wave Born approximation using the computer program DWUCK (information 
received from P. D. Kunz of Univ. of Colorado). A surface interaction was used in the 
form factor and complex coupling was included. Coulomb excitation was also included in 
the calculation. The best fit optical model potential was used to calculate the scattering 
waves and the collective model form factor. The particle-core model predicts that the 
electromagnetic transition probability B(E£) to the ground state should be approximately 
equal to that for the collective core state. This implies that the cross section for inelas- 
tic scattering to any member of the multiplet should be proportional to (2Jj + 1) and that 
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the total cross section for excitation of the multiplet should be equal to that for excitation 
of the collective core state. In addition the shape of the angular distribution for each 
member of the multiplet should resemble the angular distribution for the corresponding 
core state. The relative transition strengths of the excited states are measured by the 
partial deformation parameters j3^(J^)and listed in table in. Using the spin assignments 
from previous works (ref. 15), the total deformation parameter /^(core) can be calcu- 
lated using equation (2). Since only the core is assumed to be excited, the reduced 
transition probabilities for ® 5 Cu relative to the ®^Ni core are found by taking the ratio- 
of 0^(core)/0^( Ni). These values of (core) and the ratios of the reduced transition 

probabilities are listed in table EH. The experimental value of the deformation param- 
64 

eter for Ni was taken from reference 3. Also shown in table HI are the ratios of the 
reduced transition probabilities measured for 17. 5-MeV proton scattering (ref. 3) and 
29-MeV alpha particle scattering (ref. 4). 

The inelastic angular distributions of the excited states with angular momentum 
transfers of 1=2 are shown in figure 5 along with the corresponding DWBA calcula- 
tions. The angular momentum transfers and the partial deformation parameters are as- 
signed on the basis of the DWBA calculations. The zero-strength coupling model pre- 
dicts four states with their transition strengths proportional to (2J, + 1) and with an 

+ 64 1 

energy centroid equal to the energy of the 2 core state of Ni. Experimentally three 
strongly excited states and four weaker states with an l = 2 angular distribution are 
found. The excited state at 2. 858-MeV has been assigned an l = 3 transfer by Kumabe, 
Matoba, and Takasaki (ref. 4). In this experiment at 42 MeV, the angular distribution 
is fit by an 1=2 DWBA calculation, although the large angle fit is not as good as the 
other 1=2 angular distributions. Since at 29 MeV (ref. 4) the 2. 858-MeV state was 
in phase with the elastic angular distribution and at 42 MeV is out of phase with the elas- 
tic angular distribution, the energy dependence of the angular distribution of this state 
along with its relatively high excitation energy, suggest that it may result from the P 3/2 
proton coupling to one of the two-phonon states in ^Ni. The phase relation of the two- 
phonon angular distribution to that of the elastic angular distribution has been shown 
(refs. 16 and 17) to be energy dependent for the nickel isotopes. 

Of the predicted quartet of states corresponding to the coupling of the P 3/2 P r °t° n 
to the 2 + core state, only three states are excited with the expected strength. The 3/2” 
state at 1. 725 MeV is excited too weakly to fit the (2J^ + 1) strength predicted by the 
simple model, although it gives an excellent energy centroid prediction. Perey (ref. 18) 
suggested that the strength of the 3/2” state would be weakened due to mixing with the 
ground state. The zero-strength particle-core model has its greatest success if the 
ground state spin is not included in the spins of the excited multiplet (refs. 1 and 19). 

There are seven states observed experimentally with an l = 2 angular distribu- 

1 04 

tion. If the total transition strength of the 2 core state of Ni is considered mixed into 
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all seven of the 1=2 angular distributions, then from equation (3), 

0 9 (core) = 0. 166±0. 014. If this is compared to the deformation for the ® 4 Ni core state, 
^ *Ni) = 0. 200±0. 015, the agreement is reasonable. The total core strength is not ob- 
served experimentally which suggests that there are some weakly excited states that 
were not observed. 

The inelastic angular distributions for the excited states observed with an angular 
momentum transfer of l = 3 are shown in figure 6 along with the corresponding DWBA 
calculations. Again on the basis of the weak-coupling model, four excited states are 
expected. Four strongly excited and four weaker excited states are observed all having 
an l =3 angular distribution. The state at 3. 930 MeV has not been observed in previ- 
ous inelastic scattering experiments (refs. 3 to 5). 

Little can be said about the octupole-coupled states because the spins of the result- 
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ing states of Cu are unknown. The excited state at 2. 530 MeV is the strongest excited 
state for an l = 3 transition, as was the case for the other inelastic scattering (refs. 

3 and 4). Blair (ref. 6) reports a strong L = 4 transition to a state of 2. 54 MeV. Also, 
Bachner, Bock, and Duhm (ref. 7) report the pickup reaction on OD Zn to the 2. 535-MeV 
state of °Cu is too strong to be explained by gg/ 2 admixtures in the DD Zn ground state, 
and therefore collective contributions must be responsible for the strong excitation of 
this state. If this is the state that is excited in the inelastic scattering experiments, 
there must be considerable configuration mixing. 

Again if it assumed that the core octupole transition strength is spread over all 
eight of the l = 3 angular distributions, then j3g(core) = 0. 150±0. 011 as compared to 
/ 3 g(^Ni) = 0. 181±0. 016 for the 3” state of 64 Ni. The agreement is not as good as for 
the 1=2 transitions, but again the total core strength is not observed. 


PARTICLE-CORE COUPLING CALCULATION 


A recent shell model calculation (ref. 9) with a realistic effective force in the 

lf 5/2’ 

core coupling scheme with finite coupling strength and configuration mixing gives a good 

approximation to the more exact calculation. Thankappan and True (ref. 8) did a calcu- 

lation of this type for D0 Cu. On the basis of the experimental evidence that the 
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collective- and single-particle states are mixed for Cu, the calculation was extended 
to 65 Cu. 

The coupling between the particle and the core is a scalar which can be written as a 
sum of scalar products of a tensor of rank k (ref. 1), 


2pg/2, 2pjyg orbitals performed for Cu has shown that an extended particle- 


S' 



T (k) T (k) 
c p 


( 6 ) 
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operates only on the degrees of freedom of the core and only on the par- 

ticle coordinates. The exact nature of the core states are not specifically given. This 
gives the model a general validity, and it can therefore be applied to situations where 
the particle to core coupling is no longer weak, and allows several single -particle orbits 
to be considered. The Hamiltonian of the system is given by 


H = H C + 


V 


H int 


(7) 


where: 

H c Hamiltonian of core 

Hp Hamiltonian of particle moving in field of core 
Hfnt core to particle interaction 

The basic set of states used for the calculation will be eigenfunctions of H c + H^ 
and are written as |j j , IM) where J and j are the spin of the core and particle, 
respectively, I is the total angular momentum of the coupled core and particle, and 
M is the z projection of I. 

Only two core states will be considered. These are the 0 + ground state and the 2 + 
state at 1. 348 MeV in 64 Ni. The single-particle orbitals that are used are the 2p 3 / 2 , 
2pj/ 2 > an< * The 64 Ni core closes the 1 * 7/2 P roton orbital with 28 protons, so 

the three orbitals used are the only odd parity orbitals of low enough energy. Since the 
basis states used in the calculation, in general, will not be eigenfunctions of H int , the 
eigenfunctions of H will be linear combinations of the basis states and will be obtained 
by diagonalizing the H matrix. 

The form used for the interaction potential is that used by Thankappan and True 
(ref. 8) 


H int - -?< 7 c ' V - »(Q C ' §p> (8) 

where J and j are the total angular momentum operator for the core and the particle, 
c P 

respectively; £ and r\ are strength parameters; and Q c and Qp are the mass 
quadrupole -moment operators of the core and particles, respectively, where 






/ 


(9) 

( 10 ) 
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The matrix element of H between two basis states is then given by 


kelp, IM> = < M | H c + H p - «J ( 


ip)-»(Q c - Vl J cV IM > (u> 


<• J cip- IM I H l J cV m > ’ 6 J’ J c 6 Spi p K + E i D + * w(1 Vc I; W 


[J C (J C ♦ 1)(2J C + l)j p (j p + l)(2j p + «] 1/2 } 

- lW(2);j c I;j p J' c )<J^| 15 c | |J c ><i^| 1 Qp | |j p > (12) 


where E n 


and E- are the energy eigenvalues of H and H , respectively. The re- 
d c J p c p 

duced matrix elements used are the ones defined in Messiah (ref. 20). The particle re- 
duced matrix elements can be calculated and are 


are the energy eigenvalues of H 


<jpl i«pi 


, ,.C/2)-j p 

l J P> < j pl 


I j p)| 


(2j p + l)(2jp + 1) 


An 


1/2 


[l + (-l)«’]c( ipi ;2;i-io) 

(13) 


The W coefficients and Clebsh-Gordon coefficients were obtained from an existing com- 
puter program (ref. 21). The radial integral was evaluated using harmonic oscillator 
wave functions. The value of the parameter v, for the harmonic oscillator wavefunction 
used was 


= 41m = 0.245 F" 2 

r 2 a 1 / 3 


(14) 


Since the model doesn't specify the exact nature of the core states, it is not possible to 

calculate the reduced matrix elements for the (J' I 1 Q | |j ), so these quantities are 
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treated as parameters. For the Cu calculation only the ground state and the first ex- 
cited 2 + core states were considered. It was assumed that the presence of the extra 

core proton did not alter the core states and they were taken as the same states that 
64 

exist in Ni. The three single-particle states used were the 2pj/ 2 > 2p 2 / 2 , and *%/2 
orbitals. The energy spacing between the p^ “ P orbitals and p 2 ^ 2 " %/2 orbi_ 
tals were taken from the ® 2 Cu calculation (ref. 8) and adjusted slightly for better agree- 
ment with the data. With the single-particle energies fixed, the three remaining adjust- 
able parameters of the model are 
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(1) 4 is the dipole -dipole strength 

(15) 

(2) Xj = r?<0| | Q c | |2> 

(16) 

(3) X 2 = t?( 2 1 | Q c | ! 2) 

(17) 

The electric quadrupole moment operator can be written as 


V ■(?)"[*. ft 

(18) 

where 


E e i r f Y 20( 9 i«’i) 


e c 

(19) 

Z r i Y 20<Vi> 



is defined as an effective charge for the core. The reduced E2 transition probability 
from an initial state of spin 1^ to a final state of spin ^ is given by 

B(E2 ’ I ‘-y = I^^ l<I 2 l|5 e | l I l> (20, 
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Since it has been assumed that the core states of the Cu nucleus are identical to 
64 

the states of Ni, it is possible to calculate 


<0||e c Q c ||2> = [5B(E2)*] 1/2 
+ 64 

where the B(E2)I value is that of the first 2 state of the Ni nucleus. The positive 
square root is taken to obtain agreement with the experimental data. So now for a given 
Xj and X 2 > the reduced matrix element ( 2 1 | Q | | 2) is determined by 


< 2 1 | Q c ! | 2) = — — < 0 | | Q c | 1 2} 

*l 


( 21 ) 


Once 

providing 


£, xp and X 2 have been determined, the B(E2) values can be calculated 
e c can be considered as a constant which is independent of the core states. 
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RESULTS OF CALCULATIONS AND COMPARISON TO EXPERIMENTAL DATA 

The Hamiltonians for the coupled spins were diagonalized and the energy eigenvalues 
and eigenfunctions obtained. A parameter search was not done as in the calculation of 
Larner (ref. 22), but a limited result of a gridded parameter study is shown in figures 
7, 8, and 9. Also shown in the figures is R, the ratio of the calculated B(E2) to those 
experimentally measured for the ®^Ni core (ref. 3). The energy of the lowest 3/2” 
level has been set equal to zero in these figures. The final values of the parameters 
chosen were £ = 0. 20, = 0- 40, and X 2 = 0- 35. In figure 10 the resulting energy 

levels are shown and compared to the experimental data. To obtain better agreement 
with the experimental data, it was necessary to reduce the Pjy2 — P3/2 ener Sy spacing 
from 1. 30 MeV (ref. 8) to a new value of 1. 20 MeV. The final values used for the cal- 
culation are shown in figure 10. The agreement is very good for the low-lying states, 
although the 3/2~ state at 1. 725 MeV is not reproduced by the calculation. 

The calculated ratios of B(E2) are compared to the experimental data in table IV. 
Since no octupole-octupole terms were included in the interaction potential, E3 reduced 
transition probabilities could not be calculated. The large errors in the experimental 
values of R make it difficult to compare the ratios; although for the three lowest 
states, agreement exists within the experimental error. 

In table V the components of the wavefunctions for the calculated energy levels are 

listed. The square of the amplitudes of the |0, j p > component of the eigenfunctions gives 

the percentages of the single -particle admixtures in a level and should be equal to the 

spectroscopic factors measured in proton stripping reactions. Listed in table V are the 

spectroscopic factors measured by Blair (ref. 6) in the Ni(°He, d) Cu reaction. The 

calculated spectroscopic factors agree quite well with Blair's experimental results. The 

wavefunctions show considerable configuration mixing and explain the large collective 

65 

and single -particle nature of some of the Cu states. 

CONCLUSIONS 

65 

The experimental data for the scattering of 42-MeV alpha particles from Cu can- 

pot be explained on the basis of the zero-strength particle-core coupling model. The 

number of observed states and their centroid energies do not agree with its predictions. 

There are seven states observed experimentally with an l = 2 angular momentum 

transfer, and eight states with an l = 3 angular momentum transfer. The 1=2 state 

at 2. 858 MeV may result from coupling to a two-phonon state of the core. Considering 

65 

all the 1=2 and 1=3 transition strength measured experimentally in Cu, the total 
core transition strength of the first 2 + and 3" states is not found. The extended 
particle-core calculation has shown that the coupling is not weak and considerable con- 
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figuration mixing of the low-lying levels results. The extended particle-core model 

gives a good description of the energy levels for the low-lying states and predicts values 

of the single -particle strengths which are in fair agreement with the stripping data. The 

65 

configuration mixing explains how the low-lying levels of Cu can have large single- 
particle transition strengths and show strong collective behavior. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, May 11, 1973, 

503-10. 
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APPENDIX - SYMBOLS 


A 


B(E£)* 


C 2 S 


e 

e c 

f 5/2 

H 

H c 

H int 


H 


h 

I 

J 

J 




J P 

l 

M 

m 


p l/2’ p 3/2 

Q 



nuclear mass number 

diffuseness of imaginary term of nuclear optical potential 
diffuseness of real term of nuclear optical potential 

reduced transition probability for transition from ground state to excited 
state by means of electric 2^-pole radiation 

spectroscopic strengths 

electronic charge 

effective charge of core 

classification of nuclear state according to nuclear shell model 
Hamiltonian of system of particles and core 
Hamiltonian of core 

Hamiltonian for core to particle interaction 
Hamiltonian of particle moving in field of core 

Plank's constant squared 

total angular momentum of coupled core and particle 

total spin of system 

spin of collective excitation of core 

ground state spin of odd nucleus 

excited state spin of odd nucleus 

spin of extra core particles 

angular momentum transfer involved in reaction 
z projection of I 
particle mass 

classification of nuclear states according to nuclear shell model 
electric quadrupole moment operator 

//-component of core mass quadrupole moment operator 
//-component of particle mass quadrupole moment operator 
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R 

R o 

r i 

r j 

r o 

r p 

T (k) 

c 

T (k) 

P 

U(r) 

V 

V c 

W 

V^i> 

Z 

/3 z ( A X) 

(core) 

W 

V 
v 
« 
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ratio of Cu reduced transition probability to reduced transition prob- 
ability of *^Ni 

nuclear radius constant 

radius of imaginary term of nuclear optical potential 

radius in core quadrupole moment operator 

radius of real term of nuclear optical potential 

radius in particle quadrupole moment operator 

th * 

k l n component of operator that operates only on degrees of freedom of 

core 

component of operator that operates only on degrees of freedon of 
particle 

scattering potential 

strength of real term of nuclear optical potential 
Coulomb potential 

strength of imaginary term of nuclear optical potential 
spherical harmonic of order 2 ,\i 
nuclear charge 

deformation parameter of even A nucleus X 
deformation parameter of even core 
partial deformation parameter for final state of nucleus 
strength of quadrupole term in interaction Hamiltonian 
harmonic oscillator parameter 

strength of angular momentum term in interaction Hamiltonian 
parity of nuclear state 

strength of nondiagonal quadrupole term of interaction Hamiltonian 
strength of diagonal quadrupole term of interaction Hamiltonian 

experimental differential cross section for spin state Jj 

differential cross section calculated by distorted wave Born approximation 
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TABLE I. - CROSS SECTIONS 


[incident energy, E^ = 42. 33 Mev] 


Laboratory 

scattering 

angle, 

®lab* 

deg 

Center of mass 
scattering 
angle, 

0 , 
cm* 
deg 

dS? dft 

mb/sr 

Laboratory 

scattering 

angle, 

9 lab’ 
deg 

Center of mass 

scattering 

angle, 

0 , 
cm* 

deg 

32-±a^, 

dft drc 

mb/sr 

65 

Cu elastic scattering 

®^Cu alpha scattering; 1. 114-MeV state 

8.0 

8. 49 

75 029±366 

10.0 

10.62 

12. 96 ±0. 44 

9.0 

9. 55 

51 055±225 

12.0 

12. 74 

11. 32±0. 36 

10.0 

10.61 

26 934±220 

14.0 

14. 86 

4. 20 ±0. 22 

11.0 

11.67 

16 113±126 

16.0 

16.98 

2. 54±0. 17 

12.0 

12. 73 

8 130±120 

20. 16 

21. 22 

6. 62±0. 07 

13.0 

13.79 

5 622±74 

24.08 

25. 46 

0. 593±0. 022 

14.0 

14.85 

3 937±84 

26.08 

27. 57 

0. 888±0. 026 

15.0 

15.91 

3 449±58 

28. 08 

29.68 

2. 38±0. 08 

16.0 

16.97 

2 913±22 

30. 16 

31.79 

2. 08 ±0. 04 

17.0 

18.03 

2 028±12 

32. 16 

33.89 

0. 740±0. 024 

18.0 

19.09 

1 267 ±15 

34. 16 

36.00 

0. 134±0. 010 

19.0 

20. 15 

772±7 

36. 16 

38. 10 

0. 269±0. 014 

20. 16 

21. 20 

394±8 

38.08 

40. 20 

0. 961±0. 028 

22. 08 

23. 32 

262±1 

40. 08 

42. 30 

0. 892±0. 027 

24. 08* 

25.43 

28 3 ±48 

42. 08 

44. 39 

0. 257 ±0.014 

26.08 

27.54 

158. 7±0. 4 

44.08 

46. 48 

0. 029±0. 005 

28.08 

29.66 

45. 44±0. 19 

46. 16 

48.57 

0. 218±0. 013 

30. 16 

31. 76 

20. 26 ±0. 13 




32*16 

33.87 

39. 58±0. 18 

°Cu alpha scattering; 1. 

482-MeV state 

34. 16 

35. 98 

39. 83±0. 18 







10. 0 

10.62 

16. 22±0. 54 

36. 16 

38.08 

22. 64±0. 14 







12.0 

12.74 

11. 56 ±0. 36 

38.08 

40. 18 

3. 95±0. 06 







14. 0 

14.87 

4. 01±0. 21 

40.08 

42. 27 

2. 60±0. 05 







16. 0 

16.99 

1. 14±0. 12 

42.08 

44. 36 

8. 18±0. 08 







18. 16 

19. 11 

4. 60±0. 06 

44.08 

46. 45 

8. 50 ±0. 08 







20. 16 

21. 26 

7. 55±0. 47 

46. 16 

48.54 

3. 27 ±0. 05 







22.08 

23.34 

3.8U0.06 

48. 16 

50.62 

0. 392±0. 018 







24.08 

25.46 

0. 478i0. 020 

®^Cu alpha scattering, 0. 

771-MeV state 

26. 08 

27. 58 

0. 976±0. 028 




28. 08 

29.69 

2. 58 ±0. 05 

10.0 

10.61 

9. 30±0. 48 

30. 16 

31.80 

2. 24±0. 04 

12.0 

12.74 

3. 04±0. 18 

32. 16 

33.90 

0.707 ±0.024 

14.0 

14.86 

1. 18 ±0. 06 

34. 16 

36.01 

0. 130±0. 010 

20. 16 

21. 22 

1. 72±0.04 

36. 16 

38. 12 

0. 356±0. 017 

22. 08 

23. 34 

0. 944±0. 028 

38.08 

40. 22 

0.972±0. 028 

24.08 

25. 45 

0. 238±0. 014 

40. 08 

42.31 

0. 902±0. 027 

26.08 

27. 56 

0. 552±0. 021 

42. 08 

44.40 

0. 276±0. 015 

28.08 

29.67 

0. 879±0. 027 

44.08 

46. 50 

0. 0373±0. 0056 

30. 16 

31.78 

0. 539±0. 021 

46. 16 

48. 58 

0. 242±0.014 

32. 16 

33.89 

0. 138±0. Oil 

48. 16 

50.68 

0. 482±0. 020 

34. 16 

35. 99 

0. 0377±0. 0056 




36. 16 

38.09 

0. 184±0. 012 




38.08 

40. 19 

0. 282±0. 015 




40.08 

42. 29 

0. 220±0. 013 




42. 08 • 

44.38 

0. 0364±0. 0054 




44.08 

46.48 

0. 0149±0.0035 




46. 16 

48.56 

0. 0916±0. 0087 




48.16 

50.65 

0. 0969±0. 0090 







TABLE I. - Continued. CROSS SECTIONS 


[incident energy, E^ = 42. 33 MeVj 


Laboratory 

Center of mass 

do . da 

— ± A — , 

Laboratory 

Center of mass 

dft dfi’ 

mb/sr 

scattering 

scattering 

dn df2 

scattering 

scattering 

angle, 

angle, 

mb/sr 

angle, 

angle, 


9 lab’ 

deg 

9 , 
cm* 
deg 


9 lab’ 

deg 

8 , 
cm’ 
deg 



®^Cu alpha scattering; 1. 629-MeV state 

®^Cu alpha scattering; 

2. 344-MeV state 

10.0 

10.62 

1. 48 ±0. 11 

12.0 

12.75 


1.144±0. 114 

12.0 

12.74 

0. 515±0. 076 

20. 16 

21. 24 


0. 175±0. 012 

18. 16 

19. 11 

0. 225±0. 012 

22.08 

23.36 


0. 0372±0. 0054 • 

20. 16 

21. 23 

0. 374±0. 017 

28.08 

29.70 


O'. 0649±0. 0072 

24. 08 

25. 46 

0.0613±0. 0042 

30. 16 

31.82 


0. 0504±0. 0064 

26. 08 

27. 58 

0. Ill ±0.010 

36. 16 

38. 14 


0. 0360±0. 0054 

30. 16 

31.80 

0. 0456±0. 0060 

38.08 

40. 24 


0. 0164±0. 0036 

32. 16 

33.91 

0. 0342±0. 0052 

40.08 

42.34 


0. 0288±0. 0048 

34. 16 

36.02 

0. 0376±0. 0060 

42.08 

44.44 


0. 0174±0. 0038 

36. 16 

38. 12 

0. 0336±0. 0052 

46. 16 

48.62 


0. 0182±0. 0038 

40.08 

42.31 

0. 0494±0. 0064 

48. 16 

50.76 


0. 0183±0. 0039 

42. 08 

44. 41 

0. 0232±0. 0044 





44.08 

46. 50 

0. 0058±0. 0022 

1 ‘'Cu alpha scattering; 

2. 530-MeV state | 

46. 16 
48. 16 

48. 59 
50.68 

0. 0092±0. 0028 
0. 0234±0. 0044 

10.0 

12.0 

10.63 

12.76 


7. 862±0. 432 

8. 352±0. 293 

65 Cu alpha scattering; 1. 725-MeV state 

14.0 

16.0 

14.86 

17.00 


7. 185±0. 286 
3. 035±0. 186 





10.0 

10.62 

0. 629±0. 084 

18. 16 

19. 12 


0.829*0.026 

12.0 

12.75 

0. 996 ±0. 106 

20. 16 

21. 24 


0.892*0.026 

18. 16 

19. 11 

0. 242±0. 011 

22.08 

23.36 


2. 758±0. 047 

20. 16 

21. 23 

0. 371*0.017 

24.08 

25. 48 


2. 974±0. 049 

24.08 

25. 46 

0. 0308*0. 005 

26.08 

27.60 


1.048*0.029 

28.08 

29. 69 

0. 087 8±0. 0084 

30. 16 

31.82 


0. 724±0. 024 

30. 16 

31.80 

0. 108±0. 009 

32. 16 

33.93 


1. 294*0. 032 

32. 16 

33.91 

0. 0400 ±0. 0057 

36. 16 

38. 14 


0. 526±0. 020 

36. 16 

38. 12 

0.0041*0.0018 

38.08 

40.24 


0.0920*0.0086 ' 

38.08 

40. 22 

0.0214±0. 0042 

40.08 

42. 34 


0. 226±0. 014 

40.08 

42.32 

0. 0247±0. 0045 

42.08 

44.44 


0. 497 ±0. 020 

42.08 

44.42 

0. 0248±0. 0045 

44.08 

46. 53 


0. 412±0. 018 

44.08 

46. 50 

0. 0058±0. 0022 

46. 16 

48.62 


0. 128±0. 010 

46. 16 

48.60 

0. 0250±0. 0014 

48. 16 

50.71 


0. 0316±0. 0051 

. RR 

Cu alpha scattering; 2. 098-MeV state 

®^Cu alpha scattering; 

2. 858-MeV state 








10.0 

10.62 

3. 199±0. 224 

10.0 

10.63 


1. 484±0. 130 

12.0 

12. 75 

1. 922±0. 148 

12.0 

12.76 


0. 982±0. 106 

14.0 

14.87 

0. 206 ±0.048 

14.0 

14.88 


0. 286±0. 057 

16.0 

16.99 

0. 367 ±0. 064 

18. 16 

19. 13 


0. 371±0. 017 

18. 16 

19. 12 

0. 675±0. 023 

20. 16 

21.25 


0. 422±0. 018 

20. 16 

21. 24 

0. 434±0. 018 

22. 08 

23. 37 


0. 184±0. 012 

22. 08 

23. 36 

0. 0954±0. 0088 

24.08 

25.49 


0. 0420±0. 0058 

24.08 

25. 48 

0. 122±0. 010 

26.08 

27.60 


0. 1069±0. 0093 

26.08 

27. 59 

0. 226±0. 014 

28.08 

29.72 


0. 193±0. 012 

28.08 

29.70 

0. 262±0. 015 

30. 16 

31.83 


0. 176±0. 012 

34. 16 

36.02 

0.0188±0. 0039 

32. 16 

33.94 


0. 0774±0. 0079 

36. 16 

38. 13 

0. 0532±0. 0066 

34. 16 

36.04 


0. 0670±0. 0074 

38.08 

40. 23 

0. 0797±0. 0080 

38.08 

40. 26 


0. 1010±0. 0091 

40. 08 

42. 33 

0. 0560±0. 0068 

40.08 

42. 36 


0. 0898±0. 0086 

42.08 

44. 42 

0.0214±0. 0042 

42. 08 

44. 45 


0. 0809±0. 0082 

44.08 

46. 52 

0. 0082±0. 0026 

44.08 

46. 54 


0. 028 2±0. 0048 

46. 16 

48.61 

0. 0332±0. 0052 

46. 16 

48.64 


0. 0299±0. 0050 

48.16 

50.69 

0. 0450±0. 0061 

48. 16 

50.72 


0. 0433±0. 0060 




TABLE I. - Continued. CROSS SECTIONS 


[Incident energy, = 42. 33 MeV.] 


Laboratory 

scattering 

angle, 

0 lab’ 
deg 

Center of mass 
scattering 
angle, 

®cm’ 

deg 

dn dn 

mb/sr 

Laboratory 

scattering 

angle, 

®lab> 

deg 

Center of mass 
scattering 
angle, 

0 

cm’ 

deg 

da . da 
— ± A — , 

dtt dft 

mb/sr 

^Cu alpha scattering; 2. 980-MeV state 

® 5 Cu alpha scattering; 3. 494-MeV state 

10.0 

10.63 

1. 472±0. 073 

10.0 

10.64 

3. 649±0, 202 

12.0 

12.76 

1. 689 ±0. 082 

12.0 

12.76 

4. 051±0. 214 

14.0 

14. 88 

1. 345±0. 073 

14.0 

14.89 

3. 061±0. 187 

16.0 

17.01 

0. 183±0. 027 

16.0 

17.01 

1. 669±0. 138 

18. 16 

19. 13 

0. 137 ±0. 006 

18. 16 

19. 14 

0. 560±0. 021 

20. 16 

21. 25 

0. 174±0. 007 

20. 16 

21.26 

0. 482±0. 020 

22.08 

23.37 

0. 458±0. Oil 

22.08 

23. 38 

1. 089±0. 030 

24.08 

25. 49 

0. 514±0. 012 

24.08 

25. 50 

1. 183±0. 031 

26.08 

27.60 

0. 194±0. 008 

26.08 

27.62 

0. 581±0. 022 

28.08 

29.72 

0. 0327 ±0.0030 

28.08 

29.74 

0. 174±0. 012 

32. 16 

33.94 

0. 185±0. 008 

30. 16 

31.84 

0. 236±0. 014 

34. 16 

36.04 

0. 214±0. 008 

32. 16 

33.95 

0. 580±0. 022 

38. 08 

40. 26 

0.038±0. 003 

34. 16 

36.06 

0. 482±0. 019 

40.08 

42.36 

0. 034±0. 003 

36. 16 

38. 17 

0. 388±0. 018 

42. 08 

44. 45 

0. 080±0. 005 

38.08 

40. 28 

0. 1116±0. 0096 

44.08 

46. 54 

0. 074±0. 004 

42.08 

44. 47 

0. 229±0. 014 




44. 08 

46. 56 

0. 208±0.013 

Cu alpha scattering; 3. 082-MeV state 

46. 16 

48.66 

0. U0±0. 010 

10.0 

10.63 

4. 213±0. 212 

48. 16 

50.74 

0. 0416±0. 0058 

12.0 

12.75 

4. 853±0. 235 

65 Cu alpha scattering; 3.709-MeV state 

14 0 

14 88 





16.0 

17.01 

0. 526±0. 078 

10.0 

10.64 

0. 912±0. 102 

18. 16 

19. 13 

0.396 ±0.018 

12.0 

12.77 

1. 186±0. 116 

20. 16 

21. 26 

0. 500±0. 020 

14.0 

14. 90 

0. 891±0. 101 

22.08 

23.38 

1. 315±0. 032 

16.0 

17.02 

0. 892±0. 101 

24.08 

25. 50 

1. 478±0. 034 

18. 16 

19. 14 

0. 278±0. 014 

26.08 

27.61 

0. 558±0.022 

20. 16 

21.26 

0. 370±0. 017 

28.08 

29.72 

0.0941±0.0087 

22. 08 

23. 38 

0. 476±0. 020 

32. 16 

33.94 

0. 582±0. 022 

24. 08 

25. 50 

0. 358±0. 017 

34. 16 

36.05 

0.614±0. 022 

26. 08 

27.62 

0. 262±0. 014 

38.08 

40. 26 

0. 110±0. 010 

28. 08 

29. 73 

0. 199 ±0. 012 

40.08 

42. 36 

0. 128±0. 010 

30. 16 

31.85 

0. 112±0. 010 

42.08 

44. 45 

0. 230 ±0. 014 

32. 16 

33. 96 

0. 148±0. 012 

44.08 

46. 55 

0. 212±0. 013 

34. 16 

36.08 

0. 140±0. 010 

46. 16 

48.64 

0.0664±0. 0074 

36. 16 

38. 18 

0. 115i0. 010 

48. 16 

50. 73 

0. 0466±0. 0062 

40. 08 

42. 38 

0.0467±0. 0038 




42. 08 

44. 48 

0. 0726±0. 0077 

| Cu alpha scattering; 3. 310-MeV state 

44. 08 

46. 58 

0. 09 10±0. 0086 

10.0 

10.64 

4. 399±0. 220 

46. 16 

48.66 

0. 0805±0. 0082 

12.0 

12.76 

4. 977±0. 238 

48. 16 

50. 75 

0. 0383±0. 0056 

14.0 

14.89 

3. 474±0. 199 

^Cu alpha scattering; 3. 930 

-MeV state 

16.0 

17.02 

2. 013±0. 151 




18. 16 

19. 14 

0. 426±0. 018 

10.0 

10.64 

1. 310±0. 122 

20. 16 

21.26 

0. 739±0. 024 

12.0 

12.77 

0. 952±0. 092 

22. 08 

22. 38 

1. 394±0.034 

16.0 

17.02 

0. 468±0. 073 

24. 08 

25. 50 

1. 314±0. 032 

22.08 

23. 39 

0. 222±0. 013 

26.08 

27.62 

0. 610±0. 022 

24.08 

25. 51 

0. 212±0. 013 

28.08 

29.73 

0. 304±0. 016 

26.08 

27. 63 

0. 134±0. 010 

34. 16 

36.06 

0. 584±0. 022 

28.08 

29. 74 

0. 0551±0. 0066 

36. 16 

38. 16 

0. 351±0. 016 

32. 16 

33. 97 

0. 115±0. 010 

40. 08 

42. 37 

0. 181±0. 012 

34. 16 

36.08 

0. 123±0. 010 

42. 08 

44.46 

0. 308±0. 016 

38.08 

40. 29 

0. 0328±0. 0052 

44. 08 

46. 56 

0. 243±0.014 

40.08 

42. 39 

0. 0444±0. 0060 

46. 16 

48.65 

0. 108±0. 010 

46. 16 

48.67 

0. 0481±0. 0063 

48. 16 

50. 74 

0. 1I3±0.010 

48. 16 

50. 76 

0. 024 9 ±0. 0046 



TABLE I. - Concluded. CROSS SECTIONS 


[incident energy. E & = 42. 33 MeV 3 


Laboratory 

scattering 

angle, 

e iab> 

deg 

Center of mass 
scattering 
angle, 

8 

cm’ 

deg 

52-±a^2., 

d£2 dQ 

mb/sr 


10.0 

10.64 

1. 994±0. 150 

12.0 

12.77 

1. 744±0. 140 

14.0 

14.90 

2. 236±0. 159 

16.0 

17.02 

1. 712±0. 139 

18. 16 

19. 15 

0. 59U0.022 


21.27 

0. 524±0. 024 

kS 

.23. 39 

0. 798±0. 025 

24.08 

25.52 

0. 789±0.025 

26.08 

27.63 

0. 344±0. 016 

28,08 

29.74 

0. 216±0.013 

30. 16 

31.86 

0. 262±0. 014 

32. 16 

33.97 

0. 276±0. 015 

34. 16 

36.08 

0. 370±0. 017 

38.08 

40.29 

0. 121±0. 010 

42.08 

44. 49 

0. 164±0. 012 

46. 16 

48.68 

0. 0863±0. 0084 

48. 16 

50.77 

0. 0325±0. 0052 

*^Cu alpha scattering; 4. 180-MeV state 

10.0 

10.64 

1. 480±0. 130 

12.0 

12.77 

0. 398±0. 067 

16.0 

17.02 

0. 206 ±0. 048 

18. 16 

19. 15 

0. 184±0. 012 


21.28 

0. 217±0.013 

■39 

23.40 

0. 0532±0. 0065 

24.08 

25. 52- 

0. 0322±0. 0016 

26.08 

27.64 

0. 0856±0. 0083 

30. 16 

31.86 

0. 0511±0. 0064 

32. 16 

33.98 

0. 0830±0. 0082 

34. 16 

36.08 

0. 0562±0. 0068 

38.08 

40. 30 

0. 0934±0. 0088 

42.08 

44.50 

0.0536 ±0.0066 

46. 16 

48.68 

0. 0382±0. 0056 

48. 16 

50.77 

0. 0333±0. 0052 


TABLE II. - OPTICAL MODEL PARAMETERS 


Real well depth, V, MeV 195.9 

Real well radius, r Q , f 1. 364 

Real well diffuseness, a Q , f 0. 586 

Imaginary well depth, W, MeV 21.93 

Imaginary well radius, r., f 1. 505 

Imaginary well diffuseness, a., f 0. 627 















TABLE HI. - EXPERIMENTAL INFORMATION 


Energy 

level, 

Angular 
m omen- 

Partial de- 
formation 

Spin and 
parity, 

Deformation 
parameter of 

R b 

k ALPHA 

R b > c 

k PROTON 

R b>d 

k alpha 

MeV 

turn 

parameter, 

J* 

even core, 




(a) 

transfer, 

l 

w 


(core) 




0. 771 



0.0578 

1/2' 

0. 183±0. 016. 

0. 836±0. 226 

1.00±0. 17 

0. 925 

1. 114 



.0977 

5/2" 

. 178±0. 014 

. 795±0. 208 

1. 21±0. 22 

.99 

1. 482 



. 108 

7/2' 

. 172±0. 014 

. 730±0. 202 

. 95±0. 18 

.90 

1. 629 



. 0234 

(5/2)' 

. 042±0. 004 

. 045±0. 012 

. 20±0. 05 

.09 

1. 725 



.0222 

3/2“ • 

,049±0. 003 

. 060±0. 015 


.22 

2.098 
2. 344 
2. 530 

2 

.0365 

(5/2)' 

.066±0. 005 

. 105±0. 021 


.28 


3 

.0864 

(9/2) + 

. 122±0. 011 

. 455±0. 136 

1. 25±0. 20 


2. 858 


2 

.0267 













2.980 


3 

.0390 













3.082 


.0666 













3. 310 
3. 494 



.0683 

.0624 

(5/2) + 

. 124±0. Oil 

. 467±0. 014 

1. 30±0. 30 









3. 709 

.0335 








3.930 

.0331 








4.047 
4. 180 

.0496 

















Error in energy levels is ±25 keV. 
b R = B(EI)+ 65 Cu 

B(EI)* 64 Ni 


c ReI. 3. 
d ReI. 4. 


TABLE IV. - RATIOS OF B(E2) 


Energy 

level, 

MeV 

Spin and 
parity, 
J* 

Deformation 

parameter, 

^(core) 

R a 

Deformation 

parameter, 

^(core) 

R a 

Deformation 

parameter, 

0 2 (core) 

R a 

R a 

(calcula- 

tion) 

Alpha scattering 

Proton scattering* 3 

Alpha scattering 0 

0.771 

1/2' 

0. 183±0. 016 

0. 836±0. 226 

0.200±0. 010 

1.00±0. 17 

0. 174 

0.925 

1. 003 

1. 114 

5/2' 

. 178±0. 014 

. 795±0. 208 

.220±0. 014 

1. 21±0. 22 

. 181 

.99 

.786 

1.-482 

7/2" 

. 172±0. 014 

, 730 ±0.202 

. 195±0. 014 

. 95±0. 18 

.173 - 

-. 90 

. 928 

1. 629 

(5/2)' 

. 042±0. 004 

,045±0. 012 

. 078±0. 007 

,20±0. 05 

.055 

.09 

. 440 

1 725 


. 049±0. 003 

. 060±0. 015 



.084 

. 22 







2: 098 

(5/2)' 

. 066±0. 005 

. 105±0. 021 



.097 

. 28 

. 420 


a R = B(Ef )l 65 Cu 


B(EI )l 64 Ni 
b Ref. 3. 
c Ref. 4. 
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Figure 9. - Gridded parameter search on X£: 
£ - 0. 20 ; X! ■ 0. 40. 



Energy 
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E, 
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J" 
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level, 

E, 
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Figure 10. - Comparison of experi mental and calculated energy level for ^Cu. 
Calculation parameters: P3/2 ' Pi/ 2 ' L $ MeV; £“0. 20; P3/2 " f 5/2 ' 

1. 40 MeV; xi - 0. 40; X 2 - & 35. 
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